Fuels research:  Fuel thermal stability overview by Cohen, S. M.
FUELS RESEARCH - FUEL THERMAL STABILITY OVERVIEW 
Stephen M. Cohen 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
L e w i s  Research Center  
I t  has  become apparent  t h a t  t h e  world s u p p l y  of petroleum crude i s  a 
l imi t ed  resource  and t h a t  a l t e r n a t i v e  f u e l s  o r  c rude  s u p p l i e s  must be exam- 
ined  a s  a means of ensur ing  a n  adequate s u p p l y  of a v i a t i o n  f u e l  f o r  t h e  next  
50 y e a r s  o r  more. 
processing of h igher  boi l ing-poin t  crude f r a c t i o n s  t o  i n c r e a s e  t h e  y i e l d  of 
m i d - d i s t i l l a t e  f u e l s ,  r e l a x i n g  c u r r e n t  j e t  f u e l  s p e c i f i c a t i o n s  t o  inc rease  
y i e l d ,  and inco rpora t ing  a l t e r n a t i v e  crude sources  such as  s h a l e  o i l  o r  c o a l  
o i l  i n t o  r e f i n e r y  feeds tocks .  These approaches a r e  no t  n e c e s s a r i l y  mutual ly  
exc lus ive  and, i n  f a c t ,  would l i k e l y  be used i n  combination t o  a l l e v i a t e  
f u e l  a v a i l a b i l i t y  problems. 
Seve ra l  changes t h a t  may be  expected inc lude  r e f i n e r y  
One p o t e n t i a l l y  d e t r i m e n t a l  e f f e c t  t h a t  m u s t  b e  considered i n  any of 
t hese  approches concerns t h e  chemical i n s t a b i l i t y  of t h e  j e t  f u e l  product. 
The term i n s t a b i l i t y  r e f e r s  t o  chemical a l t e r a t i o n  o r  degrada t ion  of t h e  
f u e l  t h a t  may occur  a s  a r e s u l t  of thermal  stress ( thermal  i n s t a b i l i t y )  o r  
dur ing  long-term s t o r a g e  ( s t o r a g e  i n s t a b i l i t y ) .  The problem man i fe s t s  it- 
s e l f  a s  sediment i n  s t o r a g e  tanks  o r  f i l t e r s ,  f o u l i n g  of heat-exchanger s u r -  
f aces ,  o r  undes i r ab le  d e p o s i t s  i n  f u e l  manifolds  o r  combustor spray nozzles .  
Thermal i n s t a b i l i t y  was f i r s t  i d e n t i f i e d  a s  a problem i n  a v i a t i o n  t u r -  
b ine  engines  i n  t h e  1 9 5 0 ' ~ ~  but  t h e  development of t h e  SST i n  t h e  1960's 
focused much more a t t e n t i o n  on it. I n  t h e  SST, t h e  f u e l  s e r v e s  as a hea t  
s i n k  f o r  t h e  wing su r faces ,  which are aerodynamically heated,  and as a re- 
s u l t  t h e  f u e l  i s  s u s c e p t i b l e  t o  thermal degrada t ion .  
I n  subsonic  a i r c r a f t ,  aerodynamic hea t ing  i s  not  a problem and f u e l  
t a n k  temperatures  a r e  much lower than  those  i n  supersonic  a i r c r a f t .  
ever ,  i n  t h e  subsonic  a i r c r a f t  f u e l  s y s t e m ,  high f u e l  temperatures  a r e  en- 
countered i n  t h e  l u b r i c a t i n g - o i l  hea t  exchanger (where t h e  f u e l  i s  used t o  
coo l  t h e  engine l u b r i c a n t )  and i n  t h e  combustor f u e l  manifold and nozzles.  
Thermal i n s t a D i l i t y  c a n  r e s u l t  i n  d e p o s i t s  f o u l i n g  heat-exchanger s u r f a c e s ,  
which can  decrease  hea t  t r a n s f e r ,  and i n  d e p o s i t s  i n  spray nozz les  caus ing  
nonuni formi t ies  i n  spray p a t t e r n s ,  which could reduce hot-section-component 
d u r a b i l i t y .  The c u r r e n t  t r end  toward h ighe r  cyc le-pressure- ra t io  engines  
wi th  h igher  combustor i n l e t  t e m p e r a t u r e s  tends  t o  aggrava te  s t a b i l i t y  prob- 
l e m s ,  a s  do more s o p h i s t i c a t e d  f u e l  i n j e c t i o n  s y s t e m s  w i th  c l o s e r  spray-  
nozz le  t o l e r a n c e s  and m u l t i p l e  i n j e c t o r s  wi th  lower pi lot-fuel .  f low rates. 
How- 
Much informat ion  has  been obtained on t h e  n a t u r e  of the chemical pro- 
c e s s e s  a s soc ia t ed  wi th  thermal  i n s t a b i l i t y .  It i s  gene ra l ly  agreed t h a t  
au toxida t ion ,  from oxygen i n  t h e  f u e l ,  i s  t h e  primary mechanism i n  i n i t i a -  
t i n g  depos i t  formation. The course  of t h e  r e a c t i o n  can  be followed by moni- 
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t o r i n g  t h e  c o n c e n t r a t i o n  of i n t e r m e d i a t e s ,  such  a s  t h e  hydsoperoxides .  The 
chemis t ry  of t h e  r e a c t i o n s  invo lved  i s  u s u a l l y  f r e e  r a d i c a l ,  and t h e r e f o r e  
any c o n s t i t u e n t  t h a t  t e n d s  t o  form f r e e  r a d i c a l s  e a s i l y  w i l l  probably be  
i n s t r u m e n t a l  i n  d e g r a d i n g  t h e  f u e l  o u t  o f  p r o p o r t i o n  t o  i t s  c o n c e n t r a t i o n .  
Heterocompounds c o n t a i n i n g  n i t r o g e n ,  s u l f u r ,  o r  oxygen and trace m e t a l s ,  
p a r t i c u l a r l y  coppe r ,  have been shown t o  be d e t r i m e n t a l  t o  s t a b i l i t y .  A l -  
though some aspec ts  o f  t h e  d e g r a d a t i o n  p r o c e s s  a re  unde r s tood ,  much informa- 
t i o n  i s  s t i l l  l a c k i n g .  F o r  example, beyond e l e m e n t a l  a n a l y s e s ,  l i t t l e  i s  
known r e g a r d i n g  t h e  a c t u a l  s t r u c t u r e  of  t h e  d e p o s i t .  A l so ,  t h e  s p e c i f i c  
i n f l u e n c e  of  t h e  many p o s s i b l e  n i t r o g e n - c o n t a i n i n g  compounds, s i n g l y  o r  i n  
combina t ion ,  nas o n l y  begun t o  be determined.  
S h a l e  and c o a l  sync rudes  are  t y p i c a l l y  h i g h e r  i n  one  o r  more of  t h e  
e l e m e n t s  l i k e l y  t o  promote d e p o s i t i o n ,  and f u e l s  d e r i v e d  from t h e s e  feed-  
s t o c k s  w i l l  probably e x h i b i t  degraded t h e r m a l  s t a b i l i t y  w i t h o u t  a d d i t i o n a l  
r e f i n e r y  p rocess ing .  F u t u r e  f u e l s  d e r i v e d  from pe t ro l eum w i t h  p o t e n t i a l l y  
broadened p r o p e r t i e s  may c o n t a i n  h i g h e r  c o n c e n t r a t i o n s  of o l e f i n s  and aroma- 
t i c s ,  which c a n  a l s o  d e g r a d e  s t a b i l i t y  c h a r a c t e r i s t i c s .  Many of t h e s e  fac-  
t o r s  w i l l  be s i g n i f i c a n t  i n  t h e  u s e  of broadened-property o r  s y n t h e t i c  f u e l s .  
S e v e r a l  t e s t  methods have been developed f o r  c h a r a c t e r i z i n g  j e t  f u e l  
t h e r m a l  s t a b i l i t y .  
a t i o n  t u r b i n e  f u e l s  a re  t h e  ASTM-CKC F u e l  Coker and t h e  J e t  F u e l  Thermal 
O x i d a t i o n  Tester (JFTOT). Both of  t h e s e  methods p a s s  t h e  test  f u e l  o v e r  a 
h e a t e d  t u b e  and t h e n  t h r o u g h  a f i l t e r  t h a t  t r aps  any d e g r a d a t i o n  p r o d u c t s  
formed d u r i n g  t h e  t es t .  A q u a l i t a t i v e  a s ses smen t  of t h e  t h e r m a l  s t a b i l i t y  
of  t h e  f u e l  i s  provided by t h e  e x t e n t  of  f i l t e r  p lugg ing  as  i n d i c a t e d  by 
measuring t h e  p r e s s u r e  d r o p  a c r o s s  t h e  t e s t  f i l t e r  and by a v i s u a l  evalua-  
t i o n  o f  t h e  amount o f  d e p o s i t  o n  t h e  h e a t e d  tube .  The s i m p l e  p a s s - o r - f a i l  
c r i t e r i o n  p rov ided  by t h e s e  t e s t s  i s  adequa te  f o r  t h e  p r e s e n t  g e n e r a t i o n  o f  
r e l a t i v e l y  s t a b l e  f u e l s ,  bu t  a more q u a n t i t a t i v e  measure of s t a b i l i t y  may be 
d e s i r a b l e  i n  t h e  f u t u r e  as  f u e l s  t h a t  may n o t  have un i fo rmly  h i g h  q u a l i t y  
become more common. 
Two tes t  p r o c e d u r e s  c u r r e n t l y  i n  u s e  f o r  s p e c i f y i n g  a v i -  
The o b j e c t i v e s  of  NASA's t h e r m a l  s t a b i l i t y  r e s e a r c h  are t o  d e t e r m i n e  
t h e  thernial  s t a b i l i t y  c h a r a c t e r i s t i c s  of  p o t e n t i a l  f u t u r e  f u e l s ,  t o  i d e n t i f y  
and examine t h e  e f f e c t s  of  t h e s e  c h a r a c t e r i s t i c s  o n  a i r c r a f t  f u e l  systems,  
and t o  e v o l v e  advanced f u e l  s y s t e m  technology and d e s i g n  g u i d e l i n e s  f o r  
f u t u r e  f u e l s  w i t h  lower t h e r m a l  s t a b i l i t y .  Thermal s t a b i l i t y  c o n s i d e r a t i o n s  
may a f f e c t  f u e l  a v a i l a b i l i t y ,  t o t a l  f u e l - r e l a t e d  systems c o s t ,  o v e r a l l  
s y s t e m  energy consumption, e n g i n e  performance and d u r a b i l i t y ,  and 
environmenta 1 c o n s i d e  r a t  i o n s .  
On November 1 and 2, 1978,  L e w i s  h o s t e d  a workshop o n  j e t  f u e l  t h e r m a l  
s t a b i l i t y  i n  o r d e r  t o  p r e s e n t  a forum f o r  d i s c u s s i n g  t h e  v a r i o u s  aspects of  
t h e  t h e r m a l  i n s t a b i l i t y  problem and t o  i d e n t i f y  c r i t i c a l  areas f o r  f o c u s i n g  
f u t u r e  e f f o r t s  ( r e f .  1). Some of  t h e  c o n c l u s i o n s  o f  t h i s  workshop were a s  
f o l l o w s  : 
1. New l a b o r a t o r y  t e c h n i q u e s  are  n o t  r e q u i r e d ,  bu t  improvements i n  ex- 
i s t i n g  t e s t  methods are  needed. 
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2 .  End-use performance i s  not  w e l l  c o r r e l a t e d  wi th  labora tory  test  de- 
3. Trends i n  engine des ign  i n d i c a t e  a more severe problem i n  t h e  fu tu re .  
4. There i s  a need f o r  balance between concerns f o r  thermal s t a b i l i t y  
vices .  
and emission c o n t r o l s ,  energy e f f i c i e n c y ,  d u r a b i l i t y ,  and cos t .  
The workshop a l s o  recommended t h e  fo l lowing  a r e a s  f o r  f u t u r e  work: 
1. Perform more d e t a i l e d  c h a r a c t e r i z a t i o n  of depos i t s .  
2. Examine e f f e c t s  of f u e l  compositon. 
3. Perform a d d i t i o n a l  s t u d i e s  on t h e  e f f e c t s  of metal su r faces ,  d i s -  
solved metals, a d d i t i v e s ,  and i n t e r a c t i o n s .  
4. Obtain parametr ic  d a t a  by using a gene ra l i zed  test appara tus  t h a t  
could r e l a t e  l abora to ry  screening  tests t o  a c t u a l  performance. 
5. Study s t o r a g e  and aging e f f e c t s .  
6 .  Develop s tandard  sampling and handl ing techniques.  
7. E s t a b l i s h  referee f u e l s .  
8. Determine importance of non-free-radical reac t ions .  
9. Conduct survey t o  determine s t a b i l i t y  a t  del-ivery poin t .  
The f i r s t  f i v e  recommendations f o r  f u t u r e  work are p resen t ly  being a c t i v e l y  
pursued under NASA sponsorship.  A c o n t r a c t u a l  e f f o r t  on t h e  chemistry of 
f u e l  d e p o s i t s  and precursors  i s  p re sen t ly  i n  t h e  planning s tages .  The re- 
s u l t s  of two con t r ac t ed  a c t i v i t i e s  are g iven  i n  two p a p e r s ,  t h e  f i r s t  by D r .  
Alexander Vranos of UTRC, on a n  experimental  study of thermal s t a b i l i t y ,  and 
t h e  second by D r .  S tephen R. Daniel  of t h e  Colorado School of Mines, on t h e  
e f f e c t s  of n i t rogen  compounds on s t a b i l i t y .  I n  add i t ion ,  M r .  C. J. Nowack 
of t h e  Naval A i r  Propuls ion  Center  w i l l  b r ing  u s  u p  t o  d a t e  on p a r t  of t h e  
Navy's a c t i v i t i e s .  
A number of research  p r o j e c t s  are being conducted here  a t  L e w i s .  M r .  
Edgar L. Wong i s  s tudying t h e  chemistry of f u e l  thermal d e p o s i t s  by us ing  a 
modified JFTOT and p u r e  compounds. D r .  A lbe r t  C. Antoine i s  examining t h e  
e f f e c t s  of n i t r o g e n  compounds on thermal s t a b i l i t y  by doping j e t  f u e l s .  
Under t h e  c h a r a c t e r i z a t i o n  of f u e l  thermal  s t a b i l i t y  are two r e l a t e d  ef-  
f o r t s .  The f i r s t  i s  a parametr ic  study over  a wide range of cond i t ions  
using a t e s t  f a c i l i t y  capable  of determining t h e  e f f e c t  of many va r i ab le s .  
Besides  eva lua t ing  f u t u r e  f u e l s  t h i s  appara tus  w i l l  (1) a i d  i n  r e l a t i n g  lab- 
ora tory-sca le  tes ts  t o  f u l l - s c a l e  experience,  ( 2 )  help  i n  determining t h e  
p o t e n t i a l  of acce le ra t ed  t e s t i n g ,  and ( 3 )  provide d a t a  on t h e  mechanisms 
underlying t h e  depos i t i on  process.  The second p a r t  of t h e  c h a r a c t e r i z a t i o n  
e f f o r t  i s  aimed a t  developing and improving techniques f o r  examining t h e  
products  of degrada t ion  so a s  t o  l e a r n  a s  much a s  p o s s i b l e  from every sample 
and every test .  
A s  a p a r t  of t h e s e  e f f o r t s  a s p e c i a l  t e s t  s e c t i o n  was designed and 
b u i l t  f o r  u s e  wi th  t h e  s tandard  JFTOT. 
formed on a f l a t  specimen r a t h e r  t han  on a tube. With t h i s  geometry a num- 
b e r  of a n a l y t i c a l  t o o l s  can  be used f o r  depos i t  analyses .  
w i l l  be used f o r  making samples t o  a i d  i n  developing d i agnos t i c  techniques 
and a l s o  as a sc reening  dev ice  f o r  t h e  parametr ic  t es t  f a c i l i t y .  
I n  t h i s  appara tus  d e p o s i t s  are 
Th i s  appara tus  
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Because of a crowded schedule  t h e r e  w a s  no t  s u f f i c i e n t  t i m e  a t  t h e  sym- 
posium t o  p re sen t  t h e  work of a l l  t h e  o rgan iza t ions  involved i n  thermal  sta- 
b i l i t y  research.  I n  a d d i t i o n  t o  those  o rgan iza t ions  represented  here ,  t h e r e  
i s  a cons ide rab le  body of work being supported by t h e  Naval Research L a b o r  
a t o r y ,  t h e  A i r  Force Aero Propuls ion  Laboratory,  t h e  A m y  Fue l s  and Lubri- 
c a n t s  Research Laboratory,  and t h e  DOE Bart l e s v i l l e  Energy Technology Center.  
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